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APPARATUS AND METHOD FOR 
DETERMINING MECHANICAL 

PROPERTIES OF CEMENT FOR A WELL 
BORE 

TECHNICAL FIELD 

Slurry design for subterranean cementing operation, and 
more particularly, an apparatus and method for determining 
mechanical properties of cement for a Well bore. 

BACKGROUND 

Oil and gas Wells extend from the surface to one or more 
subterranean formations of rock containing oil and/or gas. 
The Well is typically cased by cementing a steel or other 
suitable casing in the Well bore. The casing stabiliZes the 
sides of the Well bore, prevents pollution of fresh Water 
reservoirs and/or prevents ?uids from Zones other than oil 
and gas producing Zones from entering the Well bore. 

Cementing operations pump Wet cement slurry doWn a 
Well bore to ?ll the space betWeen the casing and the rock 
Walls. The cement protects the casing and prevents Water 
and other ?uids from ?oWing vertically in the space betWeen 
the casing and rock Walls of the Well bore. Typically, 
cementing operations are designed and supervised by engi 
neers. Laboratory technicians test and select the cement 
slurry and additives. 
Cement compositions are designed for a variety of Well 

bore conditions, Which may vary in depth, temperature and 
pressure. In designing a cement composition for a Well bore, 
a number of potential slurries are typically tested for 
mechanical properties. Mechanical properties are often 
determined using circular cylinder samples. The samples are 
cured at pressure and temperature, depressuriZed, machined 
to proper geometry and dimensional tolerances, placed in a 
pressure vessel, re-loaded hydrostatically to a predetermined 
con?ning pressure, and then tested to failure. Another 
method for establishing mechanical properties is to measure 
acoustic velocities and calculate mechanical properties 
based on linear elastic theory and various empirical corre 
lations. These dynamic measurements are performed at 
extremely high loading rates and the data is corrected for 
loWer loading rates expected under in situ conditions. 

SUMMARY 

Apparatus and method are provided for determining 
mechanical properties of cement for a Well bore. In accor 
dance With one embodiment, an apparatus for testing 
mechanical properties of a sample cement composition 
includes an annular test chamber, a variable stress system 
and one or more sensors. The variable stress system com 

municates With the annular test chamber. The variable stress 
system is operable to control at least one of temperature or 
pressure applied to a sample cement composition in the 
annular test chamber during and after curing of the sample 
cement composition. The one or more sensors are coupled to 
the annular chamber and operable to sense at least one of 
stress, strain or displacement from the sample cement com 
position in response to one or more changes applied to the 
annular test chamber by the variable stress system for 
determination of at least one mechanical property of the 
sample cement composition. 

In accordance With one or more speci?c embodiments, the 
variable stress system may comprise a variable pressure 
system operable to vary a pressure applied to the sample 
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2 
cement composition in the annular test chamber. In another 
embodiment, the variable pressure system may comprise a 
variable temperature system operable to vary the tempera 
ture applied to the sample cement composition in the annular 
test chamber. In these and other embodiments, the test cell 
may apply curing pressure and/ or temperature to the sample 
cement composition during curing of the sample cement 
composition and/or incremental pressure changes to the 
sample cement composition after curing. 

Technical advantages of one, some, all or none of the 
embodiments may include providing a test apparatus and 
method able to determine mechanical properties of cement 
at in-situ conditions Without having to depressuriZe the 
sample after curing and prior to testing. A Wide variety of 
sample cement compositions including, for example, foam 
and gas evolving cements, may be prepared and tested. 
Yield, associated plastic deformation and cracking from 
unloading and reloading a sample may be avoided. A deter 
mination of mechanical properties may be done Without 
laboratory correlations betWeen static and dynamic mea 
surements. 

The details of one or more embodiments of the laboratory 
apparatus and method for determining mechanical proper 
ties of cement for a Well bore are set forth in the accompa 
nying draWings and the description beloW. Other features, 
objects, and advantages of the disclosure Will be apparent 
from the description and draWings, and from the claims. 

DESCRIPTION OF DRAWINGS 

FIG. 1 is a schematic diagram illustrating one embodi 
ment of a laboratory apparatus for evaluating cement for a 
Well bore; 

FIG. 2 is a cross-sectional diagram illustrating one 
embodiment of the test cell for the laboratory apparatus of 
FIG. 1; 

FIG. 3 is a diagram illustrating one embodiment of testing 
a sample cement composition using the test cell of FIG. 2; 
and 

FIG. 4 is a How diagram illustrating one embodiment of 
a method for testing mechanical properties of cement com 
position for a Well bore. 

Like reference symbols in the various draWings indicate 
like elements. 

DETAILED DESCRIPTION 

FIG. 1 illustrates one embodiment of a laboratory appa 
ratus 10 for determining mechanical properties of cement for 
a Well bore. As used herein, cement is a liquid mixture that 
hardens into solid and may be any sealant to bond casing or 
other piping to Well Walls or other Well piping. The labora 
tory apparatus 10 may perform laboratory screening or other 
tests for a number of sample cement compositions to deter 
mine mechanical properties of the sample cement compo 
sitions at and/or for Well bore conditions. Well bore condi 
tions include pressure, temperature and/ or other conditions 
simulating, matching, based on, designed for or otherWise 
corresponding to those in or expected in the Well bore. The 
screening tests may alloW a relatively large number of 
sample cement compositions to be tested for Young’s modu 
lus, Poisson’s ratio, tensile strength and/ or other mechanical 
properties. For example, screening tests may be performed 
on one, l0, 15, 20, 30 or more sample cement compositions 
in an initial stage of slurry design for the Well bore. The 
laboratory apparatus 10 may be any suitable device in Which 
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sample cement compositions may be tested in scaled-doWn 
form under controlled or other variable stress conditions. 

Referring to FIG. 1, the laboratory apparatus 10, in one 
embodiment, comprises a stand 12 and a test assembly 14. 
The stand 12 may include a base 20, spine 22, rotating arm 
24 and a controller 26. The rotating arm 24 may comprise an 
arm 30 coupled to a clamp 32. The base 20, spine 22, and 
rotating arm 24 may comprise steel or other suitable mate 
rials for supporting the test assembly 14. 

The clamp 32 secures the test assembly 14 to the arm 30. 
Abearing block 34 alloWs rotation of the arm 30 through the 
spine 22. A handle 36 may be provided at the end of the arm 
30 to facilitate rotation of the test assembly 14. The handle 
36 and/or bearing block 34 may include a lock for securing 
the test assembly 14 at various angles. For example, the test 
assembly 14 may be secured With its top up, doWn, or at 
other intermediate angles. 

Controller 26 includes a centraliZed processing unit 
(CPU) or other suitable electronics for controlling and 
monitoring test performed in the test assembly 14. In one 
embodiment, the controller 26 may control pressure 
changes, temperature changes or other variable stress con 
ditions applied to a sample cement composition in the test 
assembly 14. The variable stress conditions may be any 
variable force or condition applied to a sample cement 
composition in cured and/ or uncured form that test perfor 
mance over time. The variable stress conditions may be 
cyclic in that they recur in or are marked by cycles. The 
controller 26 may communicate With the one or more 
variable stress systems that apply the variable stress condi 
tions and/or other test equipment over Wireline, Wireless or 
other suitable links. 

The controller 26 may also include input/output devices, 
such as test controls and read-outs, as Well as a database or 
other memory for reading, displaying and/or recording test 
conditions and test data. In one embodiment, the test data 
may include data from one or more sensors for measuring 
stress, strain, displacement or other mechanical forces in the 
test assembly 14. For example, the sensors may comprise 
contact force or contact stress sensors as Well as strain 

gauges, ?uid ?lled bladders, standard or other extensom 
eters, and/or any suitable combination of these. 

The test assembly 14 may comprise a pressure cell 40 and 
a test cell 42. The pressure cell 40 may raise, loWer, cycle or 
otherWise vary pressures applied to an exterior and/or other 
part of the test cell 42. The pressure cell 40 may comprise 
an autoclave With electrical and/ or other passthroughs and/or 
other pressure device. The pressure cell 40 may include an 
internal heating and/or cooling element or may comprise 
heating and cooling coils Which may be connected to a 
temperature bath for temperature control. 

The test cell 42 receives and holds a sample cement 
composition for testing. The test cell 42, as described in 
more detail beloW in connection With FIG. 2, includes ports 
for measuring cement shrinkage, sheath failure, other per 
meability changes and/or other performance criteria in 
response to pressure changes, temperature changes, or other 
stress variations. In one embodiment, the test cell 42 is 
completely reusable. In another embodiment, at least a 
portion of test cell 42 is reusable. In yet another embodi 
ment, the test cell 42 may be entirely or partially disposable. 

FIG. 2 illustrates one embodiment of the test cell 42. The 
test cell 42 may be any device or other apparatus With a test 
chamber, connections and sensors for evaluation of 
mechanical properties of a sample cement composition 
under variable stress conditions such as, for example, vari 
able or other controlled temperature and/ or pressure condi 
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4 
tions. In the illustrated embodiment, the test cell 42 com 
prises a pipe-in-pipe con?guration and is reusable. The test 
cell 42 may be otherWise suitably con?gured and may be 
used for one, several or many screening tests. For example, 
the test cell 42 may comprise concentric PVC pipes With an 
inner pipe extending through end caps of the outer pipe and 
an o-ring or other suitable seal betWeen the inner pipe and 
end cap of the outer pipe. One or more of the pipes may also 
comprise, for example, anodiZed aluminum, stainless steel, 
brass, and/or copper having a thickness of 3-5 millimeters. 

Referring to FIG. 2, the test cell 42 includes an outer pipe 
50, an inner pipe 52, and end caps 54. End caps 54 may 
comprise a top end cap 54a and a bottom end cap 54b. The 
outer pipe 50, inner pipe 52 and end caps 54 together form 
a test chamber 56 for receiving, holding and testing sample 
cement compositions. The outer pipe 50 and inner pipe 52 
and end caps 54 may be inert to cement and may have 
mechanical properties chosen to improve or maximiZe 
parameters to be measured. 
The outer pipe 50 may comprise a sleeve having an 

elongated cylindrical body 60. For example, the outer pipe 
50 may be a holloW right circular cylinder. The elongated 
cylindrical body 60 may be formed of metallic, plastic, or 
other suitable material operable to communicate variable 
stress conditions to a sample cement composition in the test 
chamber 56. In a particular embodiment, the elongated 
cylindrical body 60 comprises steel or other metal operable 
to readily communicate temperature changes from the pres 
sure cell 40 to the sample cement composition in the test 
chamber 56. In another embodiment, the elongated cylin 
drical body 60 may comprise anodiZed aluminum, stainless 
steel, brass, and/or copper, such as a cylinder formed from 
an aluminum can With Wall thickness betWeen 3 and 6 mils 
(l/iooo of an inch). A thermocouple 122 (FIG. 3) may be 
attached to the outer pipe 50 or placed in the pressure cell 40. 
The inner pipe 52 may comprise an elongated cylindrical 

body 70. For example, the inner pipe 52 may be a holloW 
right cylinder. In one embodiment, the elongated cylindrical 
body 70 may comprise stems 72 extending from an inter 
mediate section 74 through the end caps 54. In particular, a 
top stem 7211 may extend through the top end cap 54a and 
a bottom stem 72b may extend through the bottom end cap 
54b. The intermediate section 74 may have a diameter 
enlarged from that of the stems 72 to, for example, more 
accurately simulating casing in a Well bore, control the area 
of the test chamber 56 to Which pressure and/or temperature 
changes are applied and/or to control dimensions of the test 
chamber 56. The stems 72 may each comprise external 
threads for coupling to a pipe, line or other suitable device. 
Other pressure tight connectors may be used. For example, 
clamps or quick connects may be used. 
The elongated cylindrical body 70 may comprise metallic, 

plastic or other suitable material operable to expand and/or 
otherWise communicate variable stress conditions to the 
sample cement composition in the test chamber 56. In a 
particular embodiment, the elongated cylindrical body 70 
may comprise PVC operable to communicate both pressure 
and temperature changes to the test chamber 56. 
End caps 54 secure the inner pipe 52 in the outer pipe 50. 

In one embodiment, the end caps 54 each comprise a circular 
body 80 With a central ori?ce 81 through Which the corre 
sponding stem 72 of the inner pipe 52 extends. The central 
ori?ces 81 may be formed to maintain the inner pipe 52 
concentrically Within the outer pipe 50. In this embodiment, 
an inner Wall 82 and an outer Wall 84 of the test chamber 56 
may be concentric. The end caps 54 may comprise steel, 
plastic or other suitable material. 
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The end caps 54 may be threaded onto or be otherwise 
fastened to the outer pipe 50. The end caps 54 may each 
include an outer seal 86 extending around the outer perim 
eter of the circular body 80 to provide a seal betWeen the end 
cap 54 and the outer pipe 50. End caps 54 may also each 
include an inner seal 88 extending around the central ori?ce 
in circular body 80 to provide a seal betWeen the end cap 54 
and the stem 72 extending through the end cap 54. The outer 
seal 86 and inner seal 88 may each comprise O-rings or other 
suitable seals operable to form a pressure tight seal for the 
test chamber 56. In one embodiment, the test chamber 56 
may be safely operated up to a pressure of 10,000 psi. 

Ports 90 may be formed in each of the end caps 54 to 
alloW ?uid communication With the test chamber 56 during 
testing. For example, ports 90 provide a ?uid inlet and outlet 
for sheath failure and other permeability change measure 
ments. The ports 90 may also be used for cement shrinkage 
measurements by connection to a measuring device. The 
ports 90 may each comprise internal threads for connection 
to an external pipe, hose, line or other suitable device. Other 
pressure tight connectors may be used. 

The test chamber 56 may be annular and, in a speci?c 
embodiment, have concentric inner and outer pipes 50 and 
52. In this embodiment, the test chamber 56 may simulate 
the space of a Well bore betWeen a casing represented by the 
inner pipe 52 and a formation or outer casing represented by 
outer pipe 50. The test chamber 56 may otherWise provide 
a geometry similar to that expected doWnhole. In a particular 
embodiment, the test chamber 56 may have, for example, a 
length of betWeen tWelve (12) inches and tWenty-four (24) 
inches, an outer diameter of three (3) to six (6) inches and 
an inner diameter of one (1) to four (4) inches. The test 
chamber 56 may be otherWise suitably con?gured, siZed and 
shaped. For example, the test chamber 56 may have a 
length/diameter ratio of 3 to 12 and an outer diameter of 2 
to 3 times the inner diameter. 
A distributor 95 may be disposed at the bottom of the test 

chamber 56 in a notch formed in the elongated cylindrical 
body 60 of the outer pipe 50. The distributor 95 evenly, or 
substantially evenly, distributes ?uid received from port 90 
of the bottom end cap 54b across a base of the sample 
cement composition in the test chamber 56. In one embodi 
ment, the distributor 95 comprises a mesh screen 96 and 
sand 98. The mesh screen 96 maintains the sand 98 in place. 
The screen 96 may, for example, comprise a 325-mesh 
screen. Other suitable screens 96 and high permeability 
materials may be used. In addition, other suitable structures 
may be used for distributor 95. 

Sensors 100 may be mounted to the inside and/or outside 
of the outer pipe 50 and/or inner pipe 52 or otherWise 
suitably coupled to the test chamber 56. In one embodiment, 
the sensors 100 are small such that their effect on the 
geometry of the test cell 42 and the parameters they measure 
is minimal. In this and/or other embodiments, the sensors 
100 may, for example, be placed such that during testing 
cement in the test chamber 56 covers the sensing area and 
extends at least one outer pipe 50 diameter beloW and above 
the location of the sensors 100. In a particular embodiment, 
the sensors 100 may be mounted to the outer pipe 50 and 
inner pipe 52 at the center of the test chamber 56 to reduce 
and/ or minimize end effects at the bottom and top of the test 
chamber 56. 

The sensors 100 are operable to sense and/or measure 

force, stress, strain and/or displacement from a sample 
cement composition Which may include force, stress, strain 
and/or displacement from contact of the sensor and/or 
portions of the test chamber 56 With the sample cement 
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6 
composition. In one embodiment, the sensors 100 may 
measure any parameter from Which contact stress can be 

calculated. The force, stress, strain, and/or displacement 
measurements may be the actual or an indication of the 

actual force, stress, strain, and/or displacement and/or a 
change in the same. The sensors 100 may comprise one or 
more contact stress sensors, force sensors, strain gauges 
and/or displacement sensors mounted to the inside or outside 
the test chamber 56. In a particular embodiment, contact 
stress or force sensors 102 may be mounted to the inner 
diameter of the outer pipe 50 and to the outer diameter of the 
inner pipe 52. In a particular embodiment, FLEXIFORCE 
contact stress sensors manufactured by TEKSCAN or other 
suitable thin ?lm sensors may be used. In this and/or other 
embodiments, strain gauges or displacement sensors 104 
may be mounted to the inner or outer diameter of the outer 
pipe 50 and to the inner or outer diameter of the inner pipe 
52. The strain gages may, in one embodiment, comprise ?ber 
optic systems to sense strains. 

The sensors 100 may be covered With silicon, packaging 
or other suitable tape or otherWise suitably protected in the 
test cell 42. The sensors 100 may be connected by Wire or 
otherWise suitably to the controller 26. For example, a Wire 
(not shoWn) may extend from each sensor 100 through the 
top end cap 54a and be connected to the controller 26. The 
contact force or contact stress sensors 102 may be used 
Without the strain gauges 104 and/or the strain gauges 104 
used Without the contact stress sensors 102. In addition, a 
single stress sensor 102 and/or strain gauge 104 may be 
used. 

In operation, the sand 104 may be saturated With Water 
and a sample cement composition poured into the test 
chamber 56 for testing. The cement may be cured With or 
Without a Water cap on top of the sample cement composi 
tion. The sealed test cell assembly 42 With the sample 
cement composition may be secured in the pressure cell 40 
of the test assembly 14 and the inner pipe 52 connected to 
variable pressure and/or temperature systems capable of 
varying pressure and/or temperature applied to the sample 
cement composition. Means to sense sheath failure, cement 
shrinkage, mechanical property and/or other test equipment 
may be connected to ports 90 for the test. FIG. 3 illustrates 
an embodiment of a test for a sample cement composition 
using the test cell 42. 

FIG. 3 illustrates one embodiment of a test for a sample 
cement composition 110 using the test cell 42. In this 
embodiment, the test cell 42 is set up and the sample cement 
composition 110 poured into the test cell 42 as previously 
described. Accordingly, the sample cement composition 110 
Will have an annular form. The test cell 42 is secured in the 
pressure cell 40 to form the test assembly 14. Although not 
shoWn in FIG. 3, the test assembly 14 may be secured in the 
laboratory apparatus 10 for testing. Alternatively, the test 
assembly 14 may be a stand alone device. 

Referring to FIG. 3, the test chamber 56 is connected to 
a ?uid pump system 130. The ?uid pump system comprises 
a pump 132 and a ?uid reservoir 134. The pump 132 may 
comprise a positive pressure or volume control pump such 
as, for example, an ISCO pump manufacture by TELE 
DYNE ISCO, Inc. of Lincoln, Nebr. The ?uid pump system 
130 may comprise other or different suitable equipment. The 
pump may in another embodiment, for example, comprise 
an intensi?er or other device operable to raise, loWer and/or 
control pressure in the pressure cell 40. The ?uid pump 
system 130 may be connected to and controlled by controller 
26. 
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In one embodiment, the port 90 of the top end cap 54a is 
connected to an outlet of pump 132. An inlet of pump 132 
is connected to an outlet of ?uid reservoir 134. The ?uid may 
be oil or other suitable ?uid. All connections betWeen the 
pump 132, port 90 of the top end cap 54a and ?uid reservoir 
134 may be by ?uid and/or pressure tight piping and 
connectors. The port 90 and the bottom end cap 54b may be 
plugged With plug 121. A thermocouple 122 may be secured 
in the pressure cell 40 to the outer pipe 50. The thermo 
couple 122 may be connected to the controller 26 of the 
laboratory apparatus 10. 

In another embodiment the ?uid pump system 130 may be 
omitted and a pipette may be connected to the port 90 of the 
top end cap 54a. The pipette may contain dyed liquid and be 
graduated to alloW ?uid level changes to be easily monitored 
during curing of the sample cement composition 110 to 
determine cement shrinkage. In still another embodiment, 
the ?uid pump system 130 may be omitted With the sample 
cement composition 110 exposed to pressure of the pressure 
cell 40 during curing and/or later testing. 

Inner pipe 52 is connected to a variable pressure system 
140. The variable pressure system 140 may comprise a 
pump 142 and a ?uid reservoir 144. As previously described 
in connection With pump 132, pump 142 may comprise a 
positive pressure or volume control pump such as an ISCO 
pump or other suitable device. In a particular embodiment, 
the top stem 72a of the inner pipe 52 is connected to an 
outlet of the pump 142. An inlet of the pump 142 is 
connected to an outlet of the ?uid reservoir 144. The ?uid 
may be oil, Water, or other suitable ?uid. The bottom stem 
72b of the inner pipe 52 is capped. All connection may be 
by ?uid and/or pressure tight piping and connectors. Fluid 
may be pumped to and from the inner pipe 52 by pump 142 
to vary or otherWise control pressure. The variable pressure 
system 140 may comprise other or different suitable equip 
ment for generating pressure. The variable pressure system 
140 may be connected to and controlled by controller 26. 

In another embodiment, the variable pressure system 140 
may circulate Water through the inner pipe 52 to control 
temperature as Well as pressure in the inner pipe 52. In this 
embodiment, the ?uid reservoir 144 may have in inlet 
connected to the bottom stem 72b of the inner pipe 52 and 
may be heated or cooled to vary and otherWise control 
temperature in the inner pipe 52. A back pressure valve or 
other circulation and pressure control device may be 
installed on the bottom stem 72b of inner pipe 52 and the 
pump 142 used to vary temperature and pressure in the inner 
pipe 52. 

Pressure cell 40 is connected to a variable pressure system 
150. The variable pressure system 150 may comprise a 
pump 152 and a ?uid reservoir 154. As previously described 
in connection With pumps 132 and 142, pump 152 may 
comprise a positive pressure or volume control pump such 
as an ISCO pump or other suitable device. In a particular 
embodiment, a port 156 of the pressure cell 40 is connected 
to an outlet of the pump 152. An inlet of the pump 152 is 
connected to an outlet of the ?uid reservoir 154. The ?uid 
may be oil or other suitable ?uid. All connections may be by 
?uid and/ or pressure tight piping and connectors. Fluid may 
be pumped to and from the pressure cell 40 to vary or 
otherWise control pressure. The variable pressure system 
150 may comprise other or di?‘erent suitable equipment for 
generating pressure. The variable pressure system 150 may 
be connected to and controlled by controller 26. 

In the illustrated embodiment, the ?uid pump system 130 
and variable pressure system 140, as Well as the variable 
pressure system 150 of the pressure cell 40 form the variable 
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stress system operable to apply temperature and pressure 
changes to the sample cement composition 110 in the test 
chamber 56. Thus, the variable stress system may comprise 
one or several distinct systems and may be any device or set 
of devices coupled to the test cell 42 to heat, cool, pressurize, 
depressuriZe and/or otherWise control conditions for testing 
concrete for a Well bore. The variable stress system may 
adjust, change, increase, decrease and/or otherWise control 
pressure and/or temperature applied to the sample cement 
composition 110 in the test chamber 56. 

In response to the changes, the sensors 100, as described 
in more detail beloW, measure stresses, strains and/or dis 
placements from the sample cement composition 110. As 
used herein, in response to an identi?ed event means in 
response to at least the identi?ed event. Accordingly, nec 
essary or other intervening events may occur betWeen the 
indicated event and action. 

During curing, curing pressure and/or temperature are 
applied to the sample cement composition 110 in the test 
chamber 56. In one embodiment, the curing pressure is 
applied to the test chamber 56 through the outer pipe 50 and 
inner pipe 52. In another embodiment, pressure and/or a 
pressure di?‘erential may be applied to the sample cement 
composition in the test chamber via ports 90 in the top and 
bottom end caps 54. The curing temperature may also be 
applied to the test chamber 56. The curing pressure and 
temperature may be the temperature and pressure expected 
in the Well bore for Which the sample cement composition 
110 is being tested. 
While maintaining and/or providing curing temperature 

and pressure, the sample cement composition 110 is alloWed 
to cure for a speci?ed time. During curing, the volume added 
or taken out of the test chamber 56 to maintain a constant 
pressure is measured and recorded by the pump 132. In 
addition, contact stresses betWeen the sample cement com 
position 110 and the inner and outer pipes 50 and 52 from 
the sample cement composition 110 are measured by the 
stress sensors 102 and recorded by controller 26. Strains in 
the inner and outer pipes 50 and 52 are measured by strain 
gauges 104 and recorded by controller 26. The data may be 
measured and/ or recorded continuously, or periodically. For 
example, data points may be stored once each second, 
several times each second, or once every feW seconds, or, for 
example, minutes. The change in contact stresses and/or 
pipe strains during curing of the sample cement composition 
110 may be used to rate the sample cement composition’s 
110 ability to maintain the as-placed stress state, Which in 
turn may be used to determine the potential for a micro 
annulus to form in the sample cement composition 110 
during the Well’s life. The as-placed stress state may, for 
example, be determined based on the strength and/or dura 
tion of the seal formed by the sample cement composition 
and/or using a model or other predictor based on measured 
values. The model may predict the change in stress and 
contact stress With change in applied load. 

After the sample cement composition 110 has cured, the 
pressure in the inner pipe 52 is varied and the changes in 
contact stresses and/or pipe strains in the inner and outer 
pipes 50 and 52 induced, caused or otherWise in response to 
the change in internal pressure are measured and recorded 
by controller 26. In one embodiment, the pressure in the 
inner pipe 52 is incremented in one or more steps. For 
example, during curing, the pressure in the inner pipe 52 
may be the curing pressure and the pressure incremented in 
steps of 50 psi for three (3) or four (4) steps or up to the 
pressure rating for the test cell 42. In another speci?c 
embodiment, pressure may be incremented from 0 psi to 50 
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psi to 100 psi and ?nally to 150 psi. In an embodiment in 
Which the inner and outer pipes 50 and 52 of the test cell 42 
comprise steel, the pressure may be raised, for example, up u r id __ ,mbfpl _afpo)al _ lglalb?po _ P1) 
to 1000 psi or until the cement cracks. For a PVC embod1- * i '_ bf _ at bf _ at ’ 

ment, pressure may, for example, be raised to 100 psi. In 5 
- - - 44-41% + btPubl ?zbla?m - P2) 

some embodiments, a single pressure change or 1ncrement ? _ ?, 
may be used. In other embodiments, pressure may be raised _“3 + b1 “3 _ b1 

at a pre-determined ‘rate. . ~ . al(_b§P3 + ag 102m Bla3b§(p2 _ p3) 
Upon the completion of testing or otherwise su1tably, the _b§ + 61% _ bg _ 61% 

Young’s modulus and Poisson’s ratio of the sample cement 10 2 2 2 

composition 110 may be determined from changes in stress uiriod ;: w _ w, 
and/or pipe strains measured and/or recorded during the b1 _ “1 b1 _ “1 

testing. The Young’s modulus'is' a material property that az(_agpz+bfpl)a3 lgzbfmpl _ P2) 
describes the stiffness or elasticity of the sample cement _a§+b% _ a§_b% ’ 
composition 110. Poisson’s ratio is a ratio of traverse 15 

~ ~ ~ ~ ~ ~ _ 2 2 2 _ 

contraction or expansion strain to longitudinal extension or M _ W 
compaction strain in the direction of stretching or compac- ‘kg + “% bi _ “g 
tion force. In one embodiment Where changes in contact 
stresses are measured, Young’s modulus and Poisson’s ratio Using displacements at the region inner diameter (ID) and 
are determined from the change in contact stresses measured 20 Outer diameter (OD) and Solving for Cement mechanical 
for a known PreS_5ure Change 111 the lnner P_1Pe 52~ Internal properties When the ID of the cement sheath is equal to the 
pressllre aPPh?d 15 equal to the net challge 1n Pressure~ The OD of inner pipe 52 and the ID of the outer pipe 50 is equal 
resulting contact stress change for applied pressure may be to the OD of the Cement Sheath provides: 
determined by subtracting the initial contact stress value 

.: I _ 4 2 4 2_ 

(prior to the application of the internal pressure) from the 25 MeChPIOILCP' {a2 ( Plbl b3 alg'plbl (W3 

Iinal contact stress value. Where 1 indicates reg1on (1:0 for bl2a34alp2a32 l2t5lb32p3a34a 120L112? 
inside the inner pipe 52, 1:1 for the inner pipe 52, 1:2 for the bliafP;|31b3j—a3ja1§0t1b3jP3+b1§32§11b32€3+ 
cement sheath formed by the sample cement composition ‘13 p2al [5153 +51 53 (W1 Po+b1 b3 [51a 1 P0+ 

110 in the test chamber 56, and i:3 for the outer pipe 50), ((al2b32_b32bl2+a32al2a32)(_a32P2+b12pm 
P indicates pressure at the outer diameter of region i, al- 30 

indicates inner radius for reg1on 1, bi'HIdICaIBS outer rad1us t52:_(_bl2b32al pl?lafpl ‘132ml b32p3bl2 + 
for reg1on 1 and I1- and 61- are mechamcal propert1es of each (11bIZPIa3Za1a3ZP2b1Z—|31b3ZP2b12+ 
medium Which can be related back to Young’s modulus (Ei) 51532113; 152-; liu lb3jg3+b32a2lg 12Pg+ 
and Poisson’s ratio (vi) using (xi:(l—2vi)[3i and [3i:l+vi/Ei, 3 [55% g- 32l5lal2 1-(112‘11 02a; - 2 

, - , - - l51a1P0a3 “a1 l51b3 P3+a1 0‘1413 0‘1413 132*‘ 
Young s modulus and Poisson s~ ratio may be determined as 35 al26lb32P2g/(ibl2plb32+a32p2al2pphd M12 + 
folloWs Where the tWo relevant interfaces betWeen the inner a12P1b32a 1 P2b32+b12P1a32+b32P2b12— 
pipe 52 and the cement sheath and betWeen the cement aq12P1a32)} 
sheath and the outer pipe 50 remain in intimate contact 

.: _ 4 2 4 2_ 2 2 2 

(a2::bl and b2::a3) at all times and the inner and outer pipes (12' ( Plbl b3 (11+P1b1 (W3 b1 P1b3 Blal + 
50 and 52 are made ofthe same material (a3f0tl and [33:61). 40 a34al2alp2_bl2a32p2t5lb32_a32al2alb32p3+ 
X and Y vectors, Which are constants relating to the geom- b12a320t1b32P3+a32P2al2?lb32+bl2b32otlal2Po+ 
etry of the system, may be determined as folloWs: b12b32l51a12Po+b12a32l51b32P3-b120ha12Poa32 

afb?Po - P1) Mm - P2) aébéwz - P3) 

b%—a% , rig-M , b§—a§ 

60 and the above mechanical properties, Young’s modulus and 
. .. . . Poisson’s ratio ma be determined from the folloWin 

The initial outer diameter circumferences may be deter- y g 
. e uations: 

mined as folloWs: q 

ODfcircfO::[2nbl,2na3,2nb3] 

Using constants A and B and solving for displacements at 65 z '32 — ml 
the region inner diameter (u_r_id) and outer diameter 2'32 
(u_r_od) locations provides: 
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-continued 
3,82 — 112 

E2 = —2IB% 

In another embodiment, Where changes in strains of the 
inner and outer pipe 50 and 52 OD are measured, Young’s 
modulus and Poisson’s ratio for the sample cement compo 
sition 110 may be determined from the change in strains 
measured for a knoWn pressure change in the inner pipe 52. 
Internal pressure applied is equal to the net change in 
pressure. The resulting stress change for the pressure may be 
determined by subtracting the initial stress value (prior to 
application of the internal pressure) from the ?nal stress 
value. Using the previously de?ned X and Y vectors, con 
stants A and B, the initial OD circumferences and displace 
ments of region ID and OD, Young’s modulus and Poisson’s 
ratio may be determined as folloWs Where the tWo relevant 
interfaces betWeen the inner pipe 52 and the cement sheath 
and betWeen the cement sheath and the outer pipe 50 remain 
in intimate contact at all times and the inner and outer pipes 
50 and 52 are made of the same material. Using displace 
ments at region ID and OD locations provides ?nal system 
dimensions for the inner radius (a_f), outer radius (b_f), OD 
circumference (OD_circ_f) and OD strains (OD_strain) as 
folloWs: 

EMMA — P2) 

61% — b? 
a 
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-continued 

Using ?nal system dimensions, contact stresses (P_con 
tact) may be determined from the measured strains as 
follows: 

a PiContact :: {P2 

2 2 2 llibi + '31 a1 

2 2 - 2 - 2 
P l —Zz11b3 P3 — 2,3161% P3 — ms1r611n3b3 + ms1r611n3 613 
2 I: — 2 

2 as (111 + ,31) 

Using the contact stresses for cement and solving for 
cement mechanical properties Where the ID of the cement 
sheath is equal to the OD of inner pipe 52 and the ID of the 
outer pipe 50 is equal to the OD of the cement sheath 
provides: 
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For the cement sheath, Young’s modulus and Poisson’s 
ratio may be determined from the previously provided 
equations. 

Similar equations may be derived for strain sensors 104 
placed on the ID of both inner and outer pipes 50 and 52 or 
any combination of strain sensor locations on the inner and 
outer pipes 50 and 52. Where the inner and outer pipes 50 
and 52 comprise disparate materials, Young’s modulus and 
Poisson’s ratio may be determined from measured stresses 
or strains by specifying the speci?c characteristics of the 
disparate materials. If only one contact stress or strain 
measurement is available, in one embodiment on the inner 
pipe 52, Young’s modulus of the cement sheath can be 
estimated from the stress or strain measurements using an 
assumed value for Poisson’s ratio for the sample cement 
composition 110. In one embodiment, a range for Poisson’s 
ratio for cement may be of 0.2 to 0.3. 

Once the Young’s modulus of the sample cement com 
position 110 has been determined, the cement sheath tensile 
strength can be established by increasing the pressure in the 
inner pipe 52 until one or more tensile fractures are induced 
in the cement sheath. The onset of cracking can be deter 
mined by monitoring the contact stresses and/or pipe strains 
and observing an abrupt change in measurements (for 
example, a drop in pressure With accompanying increase in 
strains), applying a pressure differential betWeen the top and 
bottom of the cement sheath and observing the onset of ?uid 
?oW betWeen the high and loW pressure regions using a dyed 
liquid, catch container or the like or monitoring acoustic 
emissions from the cement sheath. Where the contact 
stresses and/ or pipe strains are measured, the tensile strength 
at the point of fracture initiation may be determined from the 
contact stresses and the internal pressure using the hoop 
stress equation. 

In addition, in one embodiment, using the above meth 
odology and equations and assuming Poisson’s ratio, the 
mechanical properties of the cement sheath in a Well bore 
can be determined on an instrumented casing string in a Well 
once the cement sheath has cured. In one embodiment, the 
casing string on the ID of the cement sheath may be 
instrumented With contact force sensors and/or strain gauges 
prior to running in hole With data communicated to the 
surface for monitoring and analysis to determine the 
mechanical properties after cementing and curing. 

FIG. 4 illustrates one embodiment of a method for deter 
mining mechanical properties of a sample cement compo 
sition 110. In one embodiment, full mechanical character 
iZation may be provided. The method begins at step 160, in 
Which the test cell 42 is prepared. Test cell 42 may be 
prepared as previously described by pouring the sample 
cement composition 110 into the test cell 42, providing a 
Water cap and sealing the test cell 42. In Width of the annular 
region in the test cell 42 and the material properties and 
dimensions of the inner and outer pipes 50 and 52 are 
knoWn. The sealed test cell 42 may be placed in the 
laboratory apparatus 10 for testing. 
At step 162, the sample cement composition 110 is cured. 

The sample cement composition 110 may be cured at a 
curing pressure and temperature using the pressure cell 40, 
?uid pump system 130, variable pressure system 140 and/or 
variable pressure system 150 of the laboratory apparatus 10. 
In one embodiment, a constant pressure may be maintained 
above and beloW the sample cement composition during 
curing. In a particular embodiment, the outer pipe 50, inner 
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pipe 52 and sample cement composition 110 may all be 
exposed to a same con?ning pressure during curing, for 
example, 3000 psi, to simulate doWnhole conditions. 
At step 164, during curing, the volume of ?uid added or 

taken out of the test cell 42 to maintain a constant pressure 
is determined to measure shrinkage. Also during curing, 
contact stresses betWeen the sample cement composition 110 
and the inner and outer pipes 50 and 52 and/ or the strains in 
the inner and outer pipes 50 and 52 are measured and 
recorded by controller 26. As previously described, the 
change in contact stresses and/or pipe strains observed 
during curing may be used to rate the cement’s ability to 
maintain the as-placed stress state. In another embodiment, 
the outer pipe 50, inner pipe 52 and sample cement com 
position 110 may all be exposed to pressure of the pressure 
cell 40 during curing. In this embodiment, the ?uid pump 
system 130 may be omitted and the variable pressure system 
140 connected and/or used only after curing. 

Proceeding to step 166, pressure is incremented or oth 
erWise changed in the test cell 42. In one embodiment, 
pressure is incremented by incrementing pressure in the 
inner pipe 52. In this embodiment, pressure in the pressure 
cell 40 may be maintained constant at, for example, the 
curing pressure. At step 168, the change in contact stress 
betWeen the cement sheath and the inner and outer pipes 50 
and 52 and/ or the strains induced in the inner and outer pipes 
50 and 52 by changes in pressure are measured and recorded 
by controller 26. Also, a pressure differential may be estab 
lished across the sample cement composition 110 to evaluate 
cement sheath permeability and/or determine if and under 
What conditions the cement sheath leaks. 

At decisional step 170, if testing is not complete, the No 
branch returns to step 166 Where the pressure is further 
incremented or changed for additional measurements at step 
168. Thus, in one embodiment, the sample cement compo 
sition 110 may not be exposed to atmospheric conditions 
until after testing has been completed. Upon completion of 
testing at step 170, the Yes branch leads to step 172. At step 
172, the mechanical properties of the sample cement com 
position 110 are determined for the knoWn inner pipe 52 
internal pressure changes as previously described. In par 
ticular, Young’s modulus and Poisson’s ratio, as Well as the 
tensile strength, may be determined as previously described. 
Step 172 leads to the end of the process. 
A number of embodiments have been described. Never 

theless, it Will be understood that various modi?cations may 
be made Without departing from the spirit and scope of the 
disclosure. Accordingly, other embodiments are Within the 
scope of the folloWing claims. 

What is claimed is: 
1. An apparatus for testing mechanical properties of a 

sample cement composition, comprising: 
an annular test chamber; 
a variable stress system in communication With the annu 

lar test chamber, the variable stress system operable to 
control pressure applied to a sample cement composi 
tion in the annular test chamber during and after curing 
of the sample cement composition; and 

one or more sensors coupled to the annular test chamber, 
the sensors operable to sense at least one of stress, 
strain and displacement from the sample cement com 
position in response to one or more changes applied to 
the annular test chamber by the variable stress system 
for determination of at least one mechanical property of 
the sample cement composition. 
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2. The apparatus of claim 1, the annular test chamber 
operable to cure the sample cement at curing conditions of 
a Well bore. 

3. The apparatus of claim 1, Wherein the Variable stress 
system comprises a Variable pressure system and a Variable 
temperature system, the Variable pressure system and the 
Variable temperature system operable to control a tempera 
ture and a pressure applied to the sample cement composi 
tion in the annular test chamber during curing of the sample 
cement composition and to Vary a pressure applied to the 
sample cement composition in the annular test chamber after 
curing of the sample cement composition. 

4. The apparatus of claim 1, further comprising: 
an outer pipe forming an outer Wall of the annular test 

chamber; 
an inner pipe forming an inner Wall of the annular test 

chamber; and 
Wherein the Variable stress system is operable to apply 

pressure changes to the sample cement composition 
through the inner pipe. 

5. The apparatus of claim 1, further comprising a plurality 
of sensors coupled to the annular test chamber, the sensors 
comprising at least one of strain and displacement gauges 
mounted to the annular test chamber. 

6. The apparatus of claim 1, Wherein the sample cement 
composition is cured and tested Without exposure to atmo 
spheric conditions betWeen curing and testing. 

7. The apparatus of claim 1, Wherein the mechanical 
property comprises at least one of Young’s modulus or 
Poisson’s ratio. 

8. The apparatus of claim 1, Wherein the Variable stress 
system comprises a Variable pressure system, the Variable 
pressure system operable to Vary a pressure applied to the 
sample cement composition in the annular test chamber. 

9. The apparatus of claim 8, the Variable pressure system 
operable to apply step pressure changes to the sample 
cement composition in the annular test chamber. 

10. The apparatus of claim 8, Wherein the Variable stress 
system comprises a Variable temperature system, the Vari 
able temperature system operable to Vary a temperature 
applied to the sample cement composition in the annular test 
chamber. 

11. The apparatus of claim 1, further comprising a plu 
rality of sensors coupled to the annular test chamber, the 
sensors comprising stress sensors mounted in the annular 
test chamber. 

12. The apparatus of claim 11, the stress sensors com 
prising a ?rst stress sensor mounted on an outer diameter of 
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the inner pipe and a second stress sensor mounted on an 
inner diameter of the outer pipe. 

13. A method for determining mechanical properties for a 
sample cement composition, comprising: 

curing a sample cement composition at Well bore pressure 
conditions in an annular test cell; and 

determining one or more mechanical properties of the 
sample cement composition based on at least one of 
stress, strain and displacement measurements from the 
sample cement composition in response to one or more 
pressure changes applied to the sample cement com 
position in the annular test cell. 

14. The method of claim 13, Wherein the mechanical 
properties comprise Young’s modulus. 

15. The method of claim 13, further comprising curing the 
sample cement composition at Well bore temperature con 
ditions. 

16. The method of claim 13, Wherein the mechanical 
properties comprise a plurality of Young’s modulus, Pois 
son’s ratio and tensile strength. 

17. The method of claim 13, further comprising deter 
mining the one or more mechanical properties Without 
exposing the sample cement composition to atmospheric 
conditions betWeen curing and testing. 

18. The method of claim 17, Wherein the mechanical 
properties comprise Poisson’s ratio. 

19. A method for testing mechanical properties of cement 
for a Well bore, comprising: 

sealing a sample cement composition in an annular test 
cell; 

applying a curing pressure and temperature to the sample 
cement composition in the annular test cell; 

measuring Volume change to the sample cement compo 
sition in the annular test cell during curing; 

measuring at least one of stress, strain and displacement 
from the sample cement composition in the annular test 
cell during curing; 

changing pressure applied to the sample cement compo 
sition in the annular test cell in one or more steps; and 

measuring changes in at least one of stress, strain and 
displacement from the sample cement composition in 
the annular test cell caused by the pressure changes. 

20. The method of claim 19, further comprising deter 
mining Young’s modulus and Poisson’s ratio of the sample 
cement composition based on the measurements. 


